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Abstract.—In symbiotic copepods, most naupliar stages are typically planktonic, play¬ 

ing a primary role in dispersal, while the first copepodid usually represents the infec¬ 

tive stage. Later copepodid stages, including adults, are associated with host organ¬ 

isms. Many symbiotic copepods have abbreviated life cycles, with a reduced number 

of naupliar stages and two different feeding habits. These patterns are presumably re¬ 

lated to distinct life cycles strategies. Exceptional cases are exemplified by members of 

the Monstrillidae and Thaumatopsyllidae, both of which are protelean parasites, with 

infective nauplii and non-feeding planktonic adults. In the Caligidae, the life cycle fol¬ 

lows a generalized pattern, but adults of many species like Caligus undulatus seem to 

exhibit a dual mode of life involving host switching. Adults leaving the first host be¬ 

come temporarily planktonic before attaching to the final host. This dual mode of life 

is also found in adults of the Ergasilidae. Abbreviation of the planktonic phase is char¬ 

acteristic for some symbiotic taxa, thus suggesting that they have evolved to become 

highly efficient in locating and infecting new hosts without needing long-distance lar¬ 

val dispersal. The life cycle of copepods associated with zooplankters is also briefly 

reviewed. Zooplankters are clearly less used as hosts by copepods than benthic inver¬ 

tebrates. It is likely that symbiotic copepods dynamically utilize planktonic phases in 

their life cycle, thus maintaining the balance between dispersal, host location, repro¬ 

duction, and predator-avoidance strategies. 

Symbiotic copepods have one or more planktonic phases for dispersal, infection, host¬ 

switching, mating, and presumably, predator-avoidance (Kearn 2004; Huys 2014; Venmathi 

Maran et al. 2016). Usually, the primarily planktonic naupliar stages play a key role in 

dispersal. The first copepodid stage is infective, and the subsequent stages, including adults, 

then typically establish a symbiotic association with a host organism. In some taxa, adults 

are also a swimming stage for dispersal, mating, host-switching, and presumably predator- 

avoidance. In the Ergasilidae, adult females of some taxa seem to show a dual mode of life 
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Taxon Nl Nil  | NIB j NtV j NV | NV11 Cl 1 

Hemicyclops spmulosus No-h and Nishida, 1998 (ClausKfedae) 0 c | O 0 0 

ErgasiWac spp. (0) " o.! 7'T O O 0 tM 
Bigasitus ganumm (Kokufoo. 1914) («)’ (Ergasliidae) .0.1 d 0 0 
Canceriiia tubulate Dafyetl. 1851 (Cancariitdae) 

Scottomyion gibbenrm (T. and A. Scon, 1894) {ScoHomptmtiSse) 

Lernaeacypimacea Linnaeus. 1758 (9) (Lemaeidae) A >T 
ThaufnalopsyttkSae 

Caligidae spp 

Caltgus undulates Shen and Li. 1959 ’  (Caligidae) 1 E3 
iemaeocora braftchlah* (Linnaeus, 1767) <i) (Pennellidae) .-"i t 
Monstrtttee v 7' 152KB IB IB T  
Chcniomyzon inflates WakahayasM, (Hake, Tanaka and Magasawa, 2013 (MkcoWwkdae)  IB 
Alalia pagei»{Krcytr, 1863) (as A, macrcitachekt* (Bilan. 1906) (lernaeopocfetoe) kb 3d 
Salmtncola californionsis (Dana, 1852) (Lernaeopodidae) ps As\ X , 
Panic-urn mtnutlcaudae Shfino. 1956 (i) (PenneHidm) A kb 3d 
Go/tophysema guSmarensfa Bresctam and LuUea I960 (9) (inceriae sedis) hi PSSi ps ps b B 
CucuimrieoSa notabriis Paterson, 1958 (Cocumarlcolidae) H KB 
NeomyakPon raholso Ohtsuka. BoxsHnl! and Haisda. 2005 (NktothoWae) 2 KB 

| ] planktonic infective m parasitic | ~ | serw-parasitic abbreviated feeding unknown 

Fig. 1. Life cycle of representatives of symbiotic copepods. Note abbreviated naupliar stages. * repre¬ 

sents only adults showing different pattern from those of other congeners. Based on: Paterson (1958); Ka- 

bata and Cousens (1973); Kawatow et al. (1980); Alston et al. (1996); Kearn (2004); Ohtsuka et al. (2004a, 

c, 2007, 2009); Boxshall (2005); Itoh and Nishida (2007, 2008); Dojiri  et al. (2008); Suarez-Morales (2011); 

Ismail et al. (2013); Venmathi Maran et al. (2013, 2016); Huys (2014); Otake et al. (2016). 

interfacing between hosts and the water column, while adult males are truly planktonic 

without any interaction with the host (Urawa et al. 1980a, b; Ohtsuka et al. 2004a). In the 

Caligidae, most species follow the above generalized life cycle, but adults of some species 

most likely show a dual life mode like some ergasilids (Ho and Lin 2004a; Venmathi Maran 

and Ohtsuka 2008; Suarez-Morales et al. 2012; Venmathi Maran et al. 2012a, b, 2016). In 

some species of the mesoparasitic family Pennellidae, pre-mated adult females and adult 

males are planktonic prior to mating in the water column (Kearn 2004; Ismail et al. 2013). 

Extremely aberrant life cycle types are found in the protelean life cycle of the Monstrillidae 

and Thaumatopsyllidae, in which the earliest naupliar stage is infective, and non-feeding 

adults remain truly planktonic during mating and dispersal (Malaquin 1901; Grygier and 

Ohtsuka 1995, 2008; Dojiri  et al. 2008; Suarez-Morales 2011). The present paper briefly 

reviews the planktonic phases displayed by different groups of symbiotic copepods, and 

discusses their evolutionary and adaptive strategies. 

Patterns of Planktonic Phases in Life Cycle 

In general, symbiotic copepods primitively have six naupliar (NI-NVI)  and six copepo- 

did (CI-CVI) stages, the last of which corresponds to the adults, thus showing the max¬ 

imum number of 12 developmental stages (Raibaut 1996; Boxshall 2005; Huys 2014). A 

typical example of such a complete life cycle in symbiotic copepods is displayed by the 

“  SaphirellcF - like forms (= Hemicyclops Boeck, 1873 and related genera) whose six nau¬ 

pliar stages actively feed (Fig. 1). Their first copepodid stage is frequently recorded as 

being abundant in coastal waters (Itoh and Nishida 1991), thus leading to the erroneous 

assumption that they are holoplanktonic during the entire life cycle (Gooding 1988; Itoh 

2006). Their subsequent five copepodid stages are known to be loosely associated with 

benthic animals including ghost shrimps and polychaetes (Itoh and Nishida 2007, 2008). 

The number of naupliar stages among symbiotic copepods is highly variable (i.e., 0, 

1, 2, 3, 4 to 6), depending on the group and feeding types (Fig. 1). The planktotrophic 
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forms are characterized by the development of basal antennary and mandibular elements 

(Izawa 1986, 1987; Alston et al. 1996; Dojiri  et al. 2008; Itoh and Nishida 2008), but these 

elements are absent from the lecithotrophic forms (Carton 1968; Kawatow et al. 1980; 

Urawa et al. 1980a; Izawa 1986, 1987; Grygier and Ohtsuka 1995, 2008; Ohtsuka et al. 

2009). Lecithotrophic nauplii are common to most truly parasitic taxa belonging to the or¬ 

ders Cyclopoida (including “Poecilostomatoida”) and Siphonostomatoida (Paterson 1958; 

Carton 1968; Izawa 1986, 1987; Raibaut 1996; Boxshall 2005; Ivanenko et al. 2007). Nau¬ 

plii  generally play a key role in dispersal, irrespective of their feeding strategy. Some species 

of the Nicothoidae (Paterson 1958; Boxshall 2005; Ohtsuka et al. 2007; Huys 2014) and 

Pennellidae (Boxshall 2005; Ismail et al. 2013; Huys 2014) are devoid of naupliar stages, 

and directly hatch as an infective copepodid. Remarkably, the aberrant families, Monstril- 

lidae and Thaumatopsyllidae have infective nauplii (Fig. 1). 

Copepodids of symbiotic copepods are usually feeding-stages, whose food items depend 

on a variety of hosts (Fig. 1). The permanent association with a host commences at the 

first, second or sixth (adult) copepodid stage (Boxshall 2005). In Caligidae and most other 

symbiotic families, the first copepodid is the infective stage. In the Ergasilidae, the first to 

fifth  copepodid stages, adult males and pre-mated adult females are semi-planktonic, while 

postmated adult females infect fish hosts (Urawa et al. 1980b; Kearn 2004). The feeding 

habits of these semi-planktonic stages remain largely unknown. Kearn (2004) hypothesized 

that ergasilid copepodid stages and unmated adults feed on planktonic organisms. On the 

other hand, considering that the mouthparts of free-swimming copepodids resemble those 

of parasitic adult females, it may be inferred that they are able to feed on tissues and blood 

of any kind of fish host. This is indirectly supported by Alston et al. (1996), who obtained 

all copepodid stages of Ergasilus briani Markevich, 1933 in an experimental tank using the 

tench Tinea tinea (Linnaeus, 1758). 

In some fish-parasitic families such as the Caligidae and Ergasilidae, adult females of 

some species are also free-swimming, and exhibit a dual mode of life involving switch¬ 

ing between the host and the water column (Ho and Lin 2004a; Ohtsuka et al. 2004a, c; 

Venmathi Maran and Ohtsuka 2008; Venmathi Maran et al. 2012a, b, 2016; 

Suarez-Morales et al. 2012). 

Some species of Pennellidae and Caligidae require both an intermediate and a definitive 

host (Bush et al. 2001; Kearn 2004; Hayward et al. 2011; Ismail et al. 2013; Huys 2014; 

Venmathi Maran et al. 2016). In these cases, adults are temporarily planktonic, actively 

searching for a new host. 

Bizarre Life Cycle 

In the Monstrillidae and Thaumatopsyllidae, the first nauplius is the infective stage, the 

subsequent stage(s) are endoparasitic, and adults are truly planktonic and non-feeding, 

lacking mouthparts (Suarez-Morales and Tovar 2004; Huys 2014; Suarez-Morales et al. 

2014). The life cycles of these families have to a great extent been elucidated by Malaquin 

(1901), Caullery and Mesnil (1914), and more recently by Suarez-Morales and Tovar 

(2004), Dojiri  et al. (2008), and Suarez-Morales et al. (2014). Differences between these 

two groups are found in the number of naupliar and copepodid stages in their life cycle. In 

the Monstrillidae, the life cycle consists of only one planktonic, infective lecithotrophic 

naupliar stage, at least 3 endoparasitic copepodid stages, and non-feeding planktonic 

adults (Fig. 1) (Malaquin 1901; Grygier and Ohtsuka 1995, 2008; Suarez-Morales 2011; 

Suarez-Morales et al. 2014). Huys (2014) regarded the early endoparasitc stages as naupliar 
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stages. From Malaquin’s (1901) illustrations of the endoparasitic stages, two forms can be 

differentiated: sack-like bodies without and with paired absorptive processes. These may 

correspond to naupliar and copepodid stages, respectively. According to Malaquin’s (1901) 

detailed observations, the naupliar body has vitelline tissues during these first endopara¬ 

sitic stages and the feeding tubes are clearly underdeveloped and probably not functional. 

Therefore, it is likely that they do not feed on the host fluids until the individuals molt 

into successive copepodid stages in which the absorptive processes are fully developed. In 

contrast, thaumatopsyllids have one planktonic/infective and one or more endoparasitic 

naupliar stages, plus five or six non-feeding planktonic copepodid stages including adults 

(Fig. 1) (Suarez-Morales and Tovar 2004; Dojiri  et al. 2008; Hendler and Dojiri  2009). 

In these two groups, the presence of non-feeding planktonic adults implies very lim¬ 

ited dispersal abilities. Development in free-living copepods generally takes 2-4 weeks 

from nauplii to copepodids, and 1-2 months or longer for adults (Hendler and Dojiri  

2009). This duration is clearly abbreviated in the non-feeding adult stage, and more signif¬ 

icantly affected in monstrillids than in thaumatopsyllids, because the former has a single 

planktonic instar (the adult) while the latter has 6 (copepodids I-V and adult). Further¬ 

more, monstrillid adults can be locally abundant in the water column, particularly during 

nighttime or at dusk (Sale et al. 1976, 1978; Suarez-Morales 2001; Grygier and Ohtsuka 

2008), thus suggesting an effective synchronized mating strategy to compensate for their 

short longevity. In contrast, the planktonic phase of the thaumatopsyllid Caribeopsyllus 

amphiodiae Ho, Dojiri, Hendler and Deets, 2003 seems to be ca. 3 days during the de¬ 

velopment from first to sixth copepodids, with adults surviving 3-27 days in culture 

(Hendler and Dojiri  2009). 

Abbreviated Development 

Reduction in the number of developmental stages, in particular naupliar instars, is com¬ 

mon in symbiotic copepods in contrast to free-living taxa which typically display the an¬ 

cestral complement of stages (i.e., six nauplii, six copepodids) (Raibaut 1996; Kearn 2004; 

Boxshall 2005; Huys 2014). The number and duration of these developmental stages ap¬ 

pear to have been evolutionarily determined by feeding, predator-avoidance and reproduc¬ 

tive strategies of symbiotic copepods, the life modes of host organisms, and other biolog¬ 

ical/environmental factors (see Hendler and Dojiri  2009). An extreme abbreviated case is 

found in the nicothoid Neomysidion rahotsu Ohtsuka, Boxshall and Harada, 2005 infect¬ 

ing mysids, in which only two stages are known: one copepodid stage for dispersal and 

infection, and the reproductive adult (Ohtsuka et al. 2005, 2007). The absence of entire 

naupliar stages seems to be related to the swarming behavior of the host mysid Siriella 

okadai li, 1964, occurring in surface waters at night (Ohtsuka et al. 2007), thus suggest¬ 

ing high local host availability for the infective stage during that time. The abbreviation 

of the copepodid stages is presumably due to the small size of the host organism. In fish- 

parasitic copepods, the full  number of copepodid stages is common. Similarly, the ascidian 

endoparasite Gonophysema gullmarensis Bresciani and Lutzen, 1960 shows highly abbrevi¬ 

ated developmental stages, with one lecitrophic nauplius, one copepodid, an onychopodid 

(a reduced preadult larva), and adults (Bresciani and Lutzen 1961). 

Planktonic Adults of Caligidae and Ergasilidae 

The elucidation of the caligid life cycle has been hampered by defining the correct num¬ 

ber of developmental stages (Ho and Lin 2004a), but this dispute was settled recently 
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(Ohtsuka et ah 2009; Hamre et al. 2013; Venmathi Maran et al. 2013). The caligid 

development includes two naupliar, one copepodid (Fig. 2A-C), four chalimus stages, and 

the adult in the genus Caligus Muller, 1785 (Fig. 1), and two naupliar, one copepodid, two 

chalimi, two preadult stages, and the adult in Lepeophtheirus von Nordmann, 1832. 

The occurrence of adults of the Caligidae in plankton samples has previously been 

attributed to their accidental detachment from the host fish (Ho and Lin 2004b; Ven¬ 

mathi Maran and Ohtsuka 2008; Venmathi Maran et al. 2016). Although some species like 

Caligus undulatus Shen and Li, 1959 frequently occur in the plankton, their hosts remain 

unknown (Venmathi Maran et al. 2016). Their ovigerous adult females were also found 

from plankton, but carried relatively fewer eggs per egg-string in comparison with con¬ 

geners known from fish hosts (Venmathi Maran and Ohtsuka 2008; Ohtsuka et al. 2009). 

In C. undulatus, the number of eggs per string is at most 4, but in other congeners ob¬ 

tained from fish hosts off Japan and Taiwan, the number reaches up to 253 (Ohtsuka 

et al. 2009), thus implying that planktonic adults have limited access to food, possibly only 

during temporary contact/infection on fish. This behavior may be considered as an anti¬ 

predation strategy to avoid being consumed by cleaners, although it renders the parasites 

more vulnerable to predation by planktivorous fish (Venmathi Maran and Ohtsuka 2008; 

Venmathi Maran et al. 2016). 

In three species of Caligus, host switching from wild intermediate fish to farmed defini¬ 

tive fish has been reported in Norway (Heuch et al. 2007), Australia (Hayward et al. 2008, 

2009, 2011), and Japan (present study). In Norway, wild lumpfish Cyclop ter us lumpus 

Linnaeus, 1758 seems to serve as an infection reservoir for Caligus elongatus von Nord¬ 

mann, 1832 before it eventually infects farmed Atlantic salmon Salmo salar Linnaeus, 

1758 (Heuch et al. 2007). In Australia, only adults of Caligus chiastos Lin and Ho, 2003 

parasitize farmed southern bluefin tuna Thunnus maccoyii (Castelnau, 1872), and cause 

eye damage eventually leading to blindness (Hayward et al. 2008, 2009). Hayward et al. 

(2011) discovered that Degen’s leatherjacket Thamnaconus degeni (Regan, 1903) residing 

outside the tuna cages serves as the wild intermediate host for chalimi development. In 

Japan, a similar phenomenon occurs in Caligus sclerotinosus Roubal, Armitage and Ro¬ 

hde, 1983 (Fig. 2D), a species that might have been introduced from Australia to Japan 

(Ho et al. 2004). It has spread among farms of red seabream Pagrus major (Temminck and 

Schlegel, 1843) in western Japan (Ho et al. 2004; Ohtsuka et al. 2010) and Korea (Venmathi 

Maran et al. 2012c). We document herein the prevalence and intensity of C. sclerotinosus 

on farmed P major in Uwajima, Shikoku, Japan, from May 2006 to October 2007 (Fig. 

3). In total, we examined 205 individuals of P. major and recovered 2,052 individuals of C. 

sclerotinosus from the hosts (mean standard length: 27.3 to 294.5 mm) (Fig. 3A). Among 

the caligids examined, only 3 chalimi (0.2%) were found on one occasion (December 2006) 

during the entire investigation period, and the remaining samples consisted primarily of 

adults (97.2%) and several unidentified, damaged individuals (2.6%) (Fig. 3B). Prevalence 

was constantly high, except for August 2006 (0%), reaching 100% in July 2006 and from 

December 2006 to October 2007, with mean intensity ranging between 1.4 (October 2006) 

and 26.3 (June 2007) (Fig. 3A). The intermediate host of C. sclerotinosus is still unknown. 

In these two cases, actively swimming adults searching for definitive hosts are regarded 

as a re-infective stage (Heuch et al. 2007). It is unknown whether such host switching is 

restricted to fish farms or not. 

In the Ergasilidae, some species show a dual mode of life similar to that found in some 

Caligidae. Generally, copepodid stages I-V of representatives of Ergasilus von Nordmann, 

1832 and related genera occur in the plankton, while the adult males die after mating 
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Fig. 2. Caligus sclerotinosus Roubal, Armitage and Rohde, 1983. (A) Copepodid I, dorsal view; (B) 

Cephalothorax of copepodid I, lateral view, with large oral cone indicated by arrow; (C) SEM micrograph 

of ventral view of cephalothorax of copepodid I. ae: antennule; aa: antenna; ma: maxilla; md: maxilliped; 

me: maxillule; os: oral sucker; ro: rostrum; (D) Adult male, dorsal view. Scale bars = 0.2 mm (A, B); 0.05 

mm (C); 0.5 mm (D). 
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A 

12 24 20 23 20 23 24 15 25 19 

May Jul Aug Oct Dec Feb Apr Jun Aug Oct 

32 58 0 7 324 206 396 395 365 269 

Fig. 3. Prevalence and mean intensity (A) and stage composition (B) of Caligus sclerotinosus Roubal, 

Armitage and Rohde, 1983 infecting farmed Pagrus major (Temminck and Schlegel, 1843) in Uwajima City, 

Japan, from May 2006 to October 2007. Numbers below months indicate total number of hosts collected 

and total number of parasites examined, respectively. 

in the water column, and mated adult females become parasitic (Urawa et ah 1980a; 

Alston et ah 1996; Kearn 2004). However, the occurrence of ovigerous adult females of 

some ergasilids has been reported in plankton communities (Ohtsuka et al. 2004a, c). They 

have a relatively slender cephalothorax, not expanded like Ergasilus lobus Lin and Ho, 

1998 [see Fig. 2A in Lin and Ho (1998)], and carry relatively fewer eggs in each sac com- 
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pared to other congeners permanently attached to host (Ohtsuka et al. 2004a), indirectly 

suggesting that these show a dual mode of life like that observed in Caligus undulatus. In 

Japanese waters, the enigmatic genus Limnoncaea Kokubo, 1914 was originally described 

from plankton samples (Kokubo 1914) and was later found to encompass species of two 

ergasilid genera, Ergasilus and Thersitina Norman, 1905, rendering it a junior subjective 

synonym of Ergasilus (Ohtsuka et al 2004a, b, c). 

Symbiotic Copepods on Plankters 

Many copepods are symbiotically associated with phyto- or zooplanktonic organisms, 

and may complete their entire life cycle in planktonic communities. Associations between 

host plankters and symbiotic copepods are summarized in Table 1. Copepod symbioses in 

plankton communities are rare in comparison with those in benthic communities, partly 

because of the relatively lower diversity, shorter longevity, and smaller size (except for jelly¬ 

fish and colonial forms like salps) of potential planktonic hosts (cf. Karplus 2014). Surpris¬ 

ingly, no record of the occurrence of symbiotic copepods has been reported from copepods 

and euphausiids in contrast to mysids (e.g., Mauchline 1998; Boxshall and Halsey 2004; 

Gomez-Gutierrez et al. 2010). Two types of copepod symbionts on plankters can be recog¬ 

nized: (1) both naupliar and copepodid stages associated with the host (i.e., Miraciinae); 

(2) only copepodid stages, including adults, symbiotic on plankters (all other known cases). 

Although nauplii and copepodids of Miraciinae were thought to feed on Trichodesmium 

(Cyanobacteria) (Tokioka and Bieri 1966; Huys and Bottger-Schnack 1994; O’Neil and 

Roman 1994), gut content and stable isotope analyses (Eberl et al. 2007) have recently sug¬ 

gested that these copepods utilize the filamentous cyanobacteria as a habitat rather than 

a food source. All  naupliar stages of a miraciinid Macrosetella gracilis (Dana, 1847) seem 

to be unable to swim (see Tokioka and Bieri 1966). Harpacticoids such as Parathalestris 

cronii (Kroyer, 1842) associated with floating macroalgae (Ingolfsson and Olafsson 1997; 

Huys 2016) may also belong to the first type. 

The complete life cycle of the truly parasitic species Cardiodectes bellottii (Richiardi, 

1882) (as C. medusaeus (Wilson, 1908)) (Pennellidae) was described by Ho (1966) and 

Perkins (1983). The copepodid of C. medusaeus infects planktonic gastropod molluscs (i.e., 

Cavoliniidae and Janthinidae) as intermediate hosts, and then metamorphoses into the first 

chalimus stage (Ho 1966; Perkins 1983). After three molts of the chalimi on the hosts, adult 

females and males mate in the water, and then actively seek the definitive myctophid fish 

host. In this species, the planktonic phase comprises the copepodid and pre-copulatory 

adults. This species appears to lack a naupliar stage. 

The life cycle of two nicothoids, Hansenulus Heron and Damkaer, 1986 and Neomysid- 

ion Ohtsuka, Boxshall and Harada, 2005, were unraveled by Heron and Damkaer (1986) 

and Ohtsuka et al. (2007), respectively. The planktonic/infective copepodid attaches to the 

mysid body surface, and finally lodges itself within the host marsupium involving either 

no or a few molts. Other genera and species of nicothoids were described from mysids by 

Hansen (1897). 

Copepodids and adults of some species of the Macrochironidae are associated with 

medusae (Ohtsuka et al. 2015). However, the occurrence of host medusae in the plankton 

is seasonally limited for several months (Ohtsuka et al. 2012). In addition, free-swimming 

adults of some macrochironids have been described from the Indo-West Pacific (Wilson 

1950; Browne and Kingsford 2005; Mulyadi 2005; Ohtsuka et al. 2012) and it is likely 

that during the absence of their main hosts, these copepods are able to utilize other host 
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medusae and/or other planktonic organisms or even shift from a planktonic to a benthic 
mode of life, using benthic polyps (Ohtsuka et al. 2012). 

Copepodid stages and adults of the shallow- and deep-water species of the Oncaeidae 
(e.g., Oncaea Philippi, 1843 and Triconia Bottger-Schnack, 1999) are associated with ap- 
pendicularian houses, in particular discarded ones, on which phyto- and zooplankters still 
remain and are consumed by the copepods (Alldredge 1972; Ohtsuka and Kubo 1991; 
Ohtsuka et al. 1993, 1996; Steinberg et al. 1994). The naupliar stages of Oncaea media 
Giesbrecht, 1891 and Monothula subtilis (Giesbrecht, 1893) (as Oncaea subtilis Giesbrecht, 
1893) were described by Malt (1982) based on specimens successfully reared in the labora¬ 
tory using cultured phytoplankton. The ectinosomatid harpacticoid Micro Stella Brady and 
Robsetson, 1873 and some scolecitrichid genera of calanoid copepods are also associated 
with occupied, and in particular discarded, appendicularian houses (Ohtsuka and Kubo 
1991; Ohtsuka et al. 1993; Steinberg et al. 1994). Microsetella is known as a parasite of 
chaetognaths (Huys 2016). 

Copepodids and adults of Sapphirina Thompson, 1829 were found to be associated with 
thaliaceans (Heron 1973; Takahashi et al. 2013, 2015). Copepodids and adult females of 
Sapphirina nigromaculata Claus, 1863 were frequently attached to the chains of nurse and 
zooid stages of doliolids in the Kuroshio Extension (Takahashi et al. 2013). For Sapphirina 
iris Dana, 1849 there is evidence that the copepod can penetrate the salp body and remain 
lodged in the host while feeding on it (Gasca et al. 2015). According to Takahashi et al. 
(2013), the ingestion rate of S. nigromaculata on live doliolids corresponded to 29-37% of 
the copepod body carbon (5.1-6.4 jig C ind-1d-1), and the potential population ingestion 
rate of three dominant sapphirinids linearly increased with the size of the doliolid popu¬ 
lations. Doliolids and salps attacked by sapphirinids were sometimes seriously damaged 
leading to death (Heron 1973; Takahashi et al. 2013), thus suggesting that this interaction 
can be regarded as predation or parasitoidism rather than commensalism or parasitism 
(Gasca et al. 2015). 

The deep-sea cyclopoid Pseudoluhbockia dilatata Sars, 1909 was recorded to be asso¬ 
ciated with the hydromedusa Aegina citrea Eschscholtz, 1829 off California using a ROV 
(Gasca et al. 2007). The presence of early copepodid stages and mated pairs of P. dilatata 
on the host suggests that they utilize it for refuge and mating, although the feeding habits 
of the symbiont were not determined (Gasca et al. 2007). Potential hosts of the few known 
holoplanktonic siphonostomatoid families (i.e., Megapontiidae, Pontoeciellidae, Ratani- 
idae) are still unknown, although this order is generally regarded as symbiotic (Boxshall 
and Halsey 2004). 

Interactions between Different Phases and Other Organisms 

In addition to the morphological and behavioral differences between the planktonic and 
symbiotic phases of symbiotic copepods, it is worthwhile to note that some physiological 
and microbiological phenomena are also involved in the phase change. 

Adults and probably chalimi of Caligus fugu (Yamaguti, 1936) infecting the toxic 
tetraodontid puffer are tolerant to its tetrodotoxin (TTX), and are able to accumulate it 
in their bodies, except for the ovaries and eggs (Ikeda et al. 2006). TTX-free eggs evidently 
produce TTX-free nauplii, suggesting that TTX accumulation in the adult body is by way 
of feeding on the toxic host tissues and blood. In the same species, different developmen¬ 
tal stages exhibit different physiological reactions to TTX under a certain genetic mech¬ 
anism, especially that concerning blocking of sodium channels (Chen and Chung 2014). 
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TTX-producing bacteria were found on the body of C. fugu (Venmathi Maran et al. 2007), 

but their actual interaction is still unknown. 

Caligids have been regarded as pests in fish farms in many geographic regions (Ho 

and Lin 2004a; Johnson et al. 2004; Shinn et al. 2015). Economic losses caused by these 

pathogenic copepods on farmed Atlantic salmon Salmo salar Linnaeus, 1758 are esti¬ 

mated at US$480 million annually (Shinn et al. 2015). Usually, these copepods feed on 

the host skin, tissues and blood, causing physical damage and inflammation and finally 

leading to death (Nylund et al. 1993; Dojiri and Ho 2013). Secondary microbial infec¬ 

tions occur via open wounds, thus enhancing the economic losses (Nylund et al. 1993; 

Dojiri  and Ho 2013). Nylund et al. (1993) showed that infectious salmon anaemia (ISA) 

caused by Aeromonas salmonicida (Lehmann and Neumann, 1896) was horizontally trans¬ 

ferred by Lepeophtheirus salmonis (Kroyer, 1837). Madinabeitia et al. (2009) also found the 

presence of the pathogenic bacterium Lactococcus garvieae (Collins, Farrow, Phillips and 

Kandler, 1984) on Caligus longipedis Bassett-Smith, 1898 infecting the striped jack Pseu- 

docaranx dentex (Bloch and Schneider, 1801) suffering from lactococcosis in Japan. This 

study showed that the adults of C. longipedis carrying L. garvieae could be potential agents 

for the transmission of the bacteria between host fish. Therefore, the adults of some species 

of caligids may act as vectors of diseases among cultured fish. However, the microhabitats 

of these bacteria on and in the bodies of caligids remain unknown (Nylund et al. 1993). 

Pathogens likely spread by way of host switching of caligids, ergasilids, and other good 

swimmers carrying them. 

Evolutionary and Adaptive Strategies of the Planktonic Phase in Symbiotic 

Copepods 

Symbiotic copepods generally have one or more planktonic phases. However, the num¬ 

ber and duration of developmental stages and feeding type of the planktonic phase vary 

between taxonomic groups (Fig. 1). Heterochrony is greatly important to determine devel¬ 

opmental timing of reproductive and somatic gene expressions (Gould 1977), and has been 

considered an important mechanism in the evolution of the Copepoda (Huys and Boxshall 

1991). Progenesis is conspicuous in some symbiotic copepods such as Neomysidion and the 

Thaumatopsyllidae. 

What sort of evolutionary factors drive such different modes of life of symbiotic cope¬ 

pods? Hendler and Dojiri (2009) discussed the evolution of the bizarre thaumatopsyl- 

lids, and regarded predator avoidance as the most important factor. The endoparasitic 

metanauplii of Caribeopsyllus amphiodiae grow in the stomach of its ophiuroid host for 

5 months contrasting with a very short duration of its planktonic phases. The microhab¬ 

itat provides the metanauplii with refuge and sufficient food, while free-living nauplii are 

generally exposed to high mortality caused by predation (Hendler and Dojiri  2009). 

The availability of hosts for symbiotic copepods may also be essential to determine the 

number and duration of the planktonic phase. In some cases, the aggregated distribution 

of host animals enhances infection efficiency of some ectoparasites due to their horizontal 

transfer (Brown and Brown 1986). Therefore, swarming hosts may represent a factor that 

accelerates the abbreviation of lecithotrophic naupliar stages for dispersal. 

On the other hand, phylogenetic constraints are also remarkable in the evolution of sym¬ 

biotic copepods. In the Caligidae, the number of developmental stages is so far known for 

18 species, infecting a variety of coastal and oceanic fish, and has proven to be remark¬ 

ably constant (8 stages in total in both Caligus and Lepeophtheirus) (Ohtsuka et al. 2009; 
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Madinabeitia and Nagasawa 2011; Hamre et al. 2013; Venmathi Maran et al. 2013; Huys 

2014). The encounter and accessibility of ecologically diversified hosts for highly host” 

specific caligids seems to be greatly variable, but the number of developmental stages in 

the family appears nevertheless to be phylogenetically conservative. Some adaptive strate¬ 

gies may compensate for the conservative phylogenetic constrains. It may be possible that 

reproductive strategies of the symbionts are synchronized with the hosts’ aggregating be¬ 

havior, such as breeding and swarming. Such synchronization would enhance the infection 

efficiency and the life cycle flexibility,  as caligids do in fish farms switching from single to 

multiple hosts. 

Acknowledgments 

This study was partially supported by a grant-in-aid from the Japanese Society of Pro¬ 

motion of Science, awarded to SO (KAKENHI  16K07825). This work was presented at 

the 13th International Conference on Copepoda as a special session in memory of the late 

Dr. George Benz. 

Literature cited 

Alldredge, A.L. 1972. Abandoned larvacean houses: a unique food source in the pelagic environment. 

Science, 177:885-887. 

Alston, S., G.A. Boxshall, and J.W. Lewis. 1996. The life-cycle of Ergasilus briani Markewitsch, 1993 

(Copepoda: Poecilostomatoida). Syst. Parasitol., 35:79-110. 

Bowman, T.E., and L.S. Kornicker. 1967. Two new crustaceans: the parasitic copepod Sphaeronel- 

lopsis monothrix (Choniostomatidae) and its myodocopid ostracod host Parasterocope pollex 

(Cylindroleberidae) from the southern New England coast. Proc. U. S. Nat. Mus., 123:1-28. 

Boxshall, G.A. 2005. Crustacean parasites (Copepoda). Pp. 123-138 in Marine Parasitology 

(K. Rohde, ed.). CABI Publishing, Wallingford and CSIRO Publishing, Collingwood, 592 pp. 

-, and S.H. Halsey. 2004. An introduction to copepod diversity. The Ray Society, London, 966 pp. 

Bresciani, J., and J. Lutzen. 1961. Gonophysema gullmarensis (Copepod parasitica). An anatomical and 

biological study of an endoparasite living in the ascidian Ascidiella aspersa. II. Biology and develop¬ 

ment. Cah. Biol. Mar., 2:347-371. 

Brown, C.R., and M.B. Brown. 1986. Ectoparasitism as a cost of coloniality in cliff  swallows {Hirundo 

pyrrhonota). Ecology, 67:1206-1218. 

Browne, J.G., and M.J. Kingsford. 2005. A commensal relationship between the scyphozoan medusae 

Catostylus mosaicus and the copepod Paramacrochiron maximum. Mar. Biol., 146:1157-1168. 

Bush, A.O., J.C. Fernandez, G.W. Esch, and R. Seed. 2001. Parasitism: The diversity and ecology of animal 

parasites. Cambridge University Press, Cambridge, 566 pp. 

Carton, Y. 1968. Developement de Cancerilla tubulata Dalyell parasite de l’ophiure Amphipholis squamata 

Della Chiaje. Crustaceana, Suppl. 1:11-28. 

Caullery, M., and F. Mesnil. 1914. Sur deux Monstrillides parasites d’Annellides (Polydora giardia Mesn. 

et Syllis gracilis Gr.). Bull. Scient. Fr. Belg., 48:15-29. 

Chen, R., and S.H. Chung. 2014. Mechanism of tetrodotoxin block and resistance in sodium channels. 

Biochem. Biophys. Res. Commun., 446:370-374. 

Dojiri, M., and J.-s. Ho. 2013. Systematics of the Caligidae, copepods parasitic on marine fishes. Crus¬ 

taceana Monographs, 18:1-445. 

-, G. Hendler, and I.-H. Kim. 2008. Larval development of Caribeopsyllus amphiodiae (Thaumatop- 

syllidae: Copepoda), an enterozoic parasite of the brittle star Amphiodia urtica. J. Crust. Biol., 28: 

281-305. 

Eberl, R., S. Cohen, F. Cipriano, and E.J. Carpenter. 2007. Genetic diversity of the pelagic harpacticoid 

copepod Macrosetella gracilis on colonies of the cyanobacterium Trichodesmium spp. Aquat. Biol., 

1:33-43. 

Gasca, R., E. Suarez-Morales, and S.H.D. Haddock. 2007. Symbiotic associations between crustaceans and 

gelatinous zooplankton in deep and surface waters off California. Mar. Biol., 151:233-242. 



116 SOUTHERN CALIFORNIA ACADEMY OF SCIENCES 

-,-, and-. 2015. Sapphirina iris Dana, 1849 and S. sinuicauda Brady, 1883 (Copepoda, Cy~ 

clopoida): predators of salps in Monterey Bay and the Gulf of California. Crustaceana, 88:689-699. 

Gomez-Gutierrez, J., C.J. Robinson, S. Kawaguchi, and S. Nicol. 2010. Parasite diversity of Nyctiphanes 

simplex and Nematoscelis difficilis  (Crustacea: Euphausiacea) along the northwestern coast of Mex¬ 

ico. Dis. Aquat. Org., 88:249-266. 

Gooding, R.U. 1988. The Saphirella problem. Hydrobiologia, 167:363-366. 

Gould, S.J. 1977. Ontogeny and phylogeny. Belknap Press of Harvard University Press, Cambridge, Mass., 

ix + 501 pp. 

Grygier, M.J., and S. Ohtsuka. 1995. SEM observation of the nauplius of Monstrilla hamatapex new species 

from Japan and an example of upgraded descriptive standards for monstrilloid copepods. J. Crust. 

Biol., 15:703-719. 

-, and-. 2008. A new genus of monstrilloid copepods (Crustacea) with anteriorly pointing ovigerous 

spines and related adaptations for subthoracic brooding. Zool. J. Linn. Soc., 152:459-506. 

Hamre, L.A., C. Eichner, C.M.A. Caipang, S.T. Dalvin, J.E. Bron, F. Nilsen, G.A. Boxshall, and R. Skern- 

Mauritzen. 2013. The salmon louse Lepeophtheirus salmcmis (Copepoda: Caligidae) life cycle has 

only two chalimus stages. PLoS ONE, 8:e73539. 

Hansen, H.J. 1897. The Choniostomatidae, a family of Copepoda, parasites on Crustacea Malacostraca. 

Andr. Fred. Host & Son, Copenhagen, 205 pp., pis 1-13. 

Hayward, C.J., H.M. Aiken, and B.F. Nowak. 2008. An epizootic of Caligus chiastos on farmed southern 

bluefin tuna Thunnus maccoyii olf South Australia. Dis. Aquat. Org., 79:57-63. 

-, N.J. Bott, and B.F. Nowak. 2009. Seasonal epizootics of sea lice, Caligus spp., on southern bluefin 

tuna, Thunnus maccoyii (Castelnau), in a long-term farming trial. J. Fish Dis., 32:101-106. 

-, I. Svane, S.K. Lachimpadi, N. Itoh, N.J. Bott, and B.F. Nowak. 2011. Sea lice infections of wild 

fishes near ranched southern bluefin tuna (Thunnus maccoyi) in South Australia. Aquaculture, 320: 

178-182. 

Hendler, G., and M. Dojiri. 2009. The contrariwise life of a parasitic, pedomorphic copepod with a non¬ 

feeding adult: ontogenesis, ecology, and evolution. Invert. Biol.. 128:65-82. 

Heron, A.C. 1973. A specialized predator-prey relationship between the copepod Sapphirina angusta and 

the pelagic tunicate Thalia democratica. J. Mar. Biol. Assoc. U.K., 53:429-435. 

Heron, G.A., and D.M. Damkaer. 1986. A new nicothoid copepod parasitic on mysids from northwestern 

North America. J. Crust. Biol., 6:652-665. 

Heuch, P.A., 0. 0ines, J.A. Knutsen, and T.A. Schram. 2007. Infection of wild fishes by the parasitic cope¬ 

pod Caligus elongatus on the south east coast of Norway. Dis. Aquat. Org., 77:149-158. 

Ho, J.-s. 1966. Larval stages of Cardiodectes sp. (Caligoida: Lernaeoceriformes), a copepod parasitic on 

fishes. Bull. Mar. Sci., 16:159-199. 

-, and C.L. Lin. 2004a. Sea lice of Taiwan (Copepoda: Siphonostomatoida: Caligidae). The Sueichan 

Press, Taiwan, 388 pp. 

-, and-. 2004b. Caligus planktonis Pillai (Copepoda: Siphonostomatoida) parasitic on the large 

scale mullet of Taiwan. Crustaceana, 76:1201-1209. 

-, S. Gomez, K. Ogawa, and M. Aritaki. 2004. Two species of parasitic copepods (Caligidae) new to 

Japan. Syst. Parasitol., 57:19-34. 

Humes, A.G. 1953. Two new semiparasitic harpacticoid copepods from the coast of New Hampshire. J. 

Wash. Acad. Sci., 43:360-373. 

-. 1970. Paramacrochiron japonicum n. sp., a cyclopoid copepod associated with a medusa in Japan. 

Publ. Seto Mar. Biol. Lab., 18:223-232. 

Huys, R. 2014. Copepoda. Pp. 144-163 in Atlas of Crustacean Larvae (J.W. Martin, J. Olesen, and J.T. 

Hoeg, eds.). John Hopkins University Press, Maryland, xiv 4= 370 pp. 

-. 2016. Harpacticoid copepods - their symbiotic associations and biogenic substrata - a review. 

Zootaxa, 4174:448-729. 

-, and R. Bottger-Schnack. 1994. Taxonomy, biology and phylogeny of Miraciidae (Copepoda: 

Harpacticoida). Sarsia, 79:207-283. 

-, and G.A. Boxshall. 1991. Copepod evolution. The Ray Society, London, 468 pp. 

Ikeda, K., B.A. Venmathi Maran, S. Honda, S. Ohtsuka, O. Arakawa, T. Takatani, M. Asakawa, and G.A. 

Boxshall. 2006. Accumulation of tetrodotoxin (TTX) in Pseudocaligus fugu, a parasitic copepod 

from panther puffer Takifugu pardalis but without vertical transmission—using an immunoenzy- 

matic technique. Toxicon, 48:116-122. 



REVIEW OF PLANKTONIC PHASES OF SYMBIOTIC COPEPODS 117 

Ingolfsson, A., and E. Olafsson. 1997. Vital role of drift algae in the life history of the pelagic harpacticoid 

Parathalestris croni in the northern North Atlantic. J. Plankton Res., 19:15-27. 

Ismail, N., S. Ohtsuka, B.A. Venmathi Maran, S. Tasumi, K. Zaleha, and H. Yamashita. 2013. Complete life 

cycle of a pennellid Peniculus minuticaudae Shiino, 1956 (Copepoda: Siphonostomatoida) infecting 

cultured threadsail filefish, Stephanolepis cirrhifer. Parasite, 20:42. 

Itoh, H. 2006. Parasitic and commensal copepods occurring as planktonic organism with special reference 

to Saphirella-like copepods. Bull. Plankton Soc. Japan, 53:53-63. (In Japanese with English abstract) 

-, and S. Nishida. 1991. Occurrence of Saphirella-like copepods in Tokyo Bay. Bull. Plankton Soc. 

Japan, Spec. Vol.: 397-403. 

-, and-. 2007. Life history of the copepod Hemicyclops gomsoensis (Poecilostomatoida, Clausidi- 

idae) associated with decapod burrows in the Tama-River estuary, central Japan. Plankton Benthos 

Res., 2:134-146. 

-, and-. 2008. Life history of the copepod Hemicyclops spinulosus (Poecilostomatoida, Clausidiidae) 

associated with crab burrows with notes on male polymorphism and precopulatory mate guarding. 

Plankton Benthos Res., 3:189-201. 

Ivanenko, V.N., P. Martinez Arbizu, and J. Stecher. 2007. Lecithotrophic nauplius of the family Dirivul-  

tidae (Copepoda; Siphonostomatoida) hatched on board over the Mid-Atlantic Ridge (5°S). Mar. 

Eeol., 28:49-53. 

Izawa, K. 1986. On the development of parasitic Copepoda. IV. Ten species of poecilostomatoid cyclopoids, 

belonging to Taeniacanthidae, Tegobomolochidae, Lichomolgidae, Philoblennidae, Myicolidae, and 

Chondracanthidae. Publ. Seto Mar. Biol. Lab., 31:81-162. 

-. 1987. Studies on the phylogenetic implications of ontogenetic features in the poecilostome nauplii 

(Copepoda: Cyclopoida). Publ. Seto Mar. Biol. Lab., 32:151-217. 

Johnson, S.C., J.W. Treasurer, S. Bravo, K. Nagasawa, and Z. Kabata. 2004. A review of the impact of 

parasitic copepods on marine aquaculture. Zool. Stud., 43:229-243. 

Kabata, Z., and B. Cousens. 1973. Life cycle of Salmincola calif or niensis (Dana 1852) (Copepoda: Ler- 

naeopodidae). J. Fish. Res. Board Can., 30:881-903. 

Karplus, I. 2014. Symbiosis in fishes: the biology of interspecific partnerships. John Wiley & Sons, 

ix + 449 pp. 

Kawatow, K., K. Muroga, K. Izawa, and S. Kasahara. 1980. Life cycle of Alella macrotrachelus (Copepoda) 

parasitic on black sea-bream. J. Fac. Appl. Biol. Sci. Hiroshima Univ., 19:199-214. (In Japanese) 

Kearn, G.C. 2004. Leeches, lice and lampreys. A natural history of skin and gill  parasites of fishes. Springer, 

Dordrecht, xvi + 432 pp. 

Kokubo, S. 1914. Emendation of the scope of family Oncaeidae with descriptions of one new genus and 

three new species. Zool. Mag. Tokyo, 26:533-541, 1 plate (In Japanese) 

Lin, C.L., and J.-s. Ho. 1998. Two new species of ergasilid copepods parasitic on fishes cultured in brackish 

water in Taiwan. Proc. Biol. Soc. Wash., 111:15-27. 

Madinabeitia, I., and K. Nagasawa. 2011. Chalimus stages of Caligus latigenitalis (Copepoda: Caligidae) 

parasitic on blackhead seabream from Japanese waters, with discussion of terminology used for 

developmental stages of caligids. J. Parasitol., 97:221-236. 

-, S. Ohtsuka, J. Okuda, E. Iwamoto, T. Yoshida, M. Furukawa, N. Nakaoka, and T. Nakai. 2009. 

Homogeneity among Lactococcus garvieae isolates from striped jack, Pseudocaranx dentex (Bloch & 

Schneider), and its ectoparasites. J. Fish Dis., 32:901-905. 

Malaquin, A. 1901. Le parasitisme evolutif des Monstrillides (Crustaces Copepodes). Arch. Zool. Exp. 

Gen., Serie 3, 9:81-232. 

Malt, S.J. 1982. Developmental stages of Oncaea media Giesbrecht, 1891 and Oncaea subtilis Giesbrecht, 

1892. Bull. Br. Mus. (Nat. Hist.) (Zool.), 43:129-151. 

Mauchline, J. 1998. The biology of calanoid copepods. Adv. Mar. Biol., 33:1-710. 

Mulyadi. 2005. Two new species of Hemicyclops (Copepoda, Clausidiidae) and a new species of Para- 

macrochiron (Copepoda, Macrochironidae) from Indonesian Waters. Crustaceana, 78:917-929. 

Nylund, A., C. Wallace, and T. Hovland. 1993. The possible role of Lepeophtheirus salmonis (Kroyer) in 

the transmission of infectious salmon anaemia. Pp. 367-373 in Pathogens of Wild and Farmed Fish: 

Sea Lice (G.A. Boxshall, and D. Defaye, eds.). Ellis Horwood Ltd, Chichester, xiv + 378 pp. 

O’Neil, J.M., and M.R. Roman. 1994. Ingestion of the cyanobacterium Trichodesmium spp. by pelagic 

harpacticoid copepods Macrosetella, Miracia and Oculosetella. Hydrobiologia, 292/293:235-240. 

Ohtsuka, S., and N. Kubo. 1991. Larvaceans and their houses as important food for some pelagic copepods. 

Bull. Plankton Soc. Japan, Spec. Vol.:535-551. 



118 SOUTHERN CALIFORNIA ACADEMY OF SCIENCES 

-, R. Bottger-Schnack, M. Okada, and T. Onbe. 1996. In situ feeding habits of Oncaea (Copepoda: Poe- 

cilostomatoida) from the upper 250 m of the central Red Sea, with special reference to consumption 

of appendicularian houses. Bull. Plankton Soc. Japan, 43:89-105. 

-, G.A. Boxshall, and S. Harada. 2005. A new genus and species of nicothoid copepod (Crustacea: Cope¬ 

poda: Siphonostomatoida) parasitic on the mysid Siriella okadai Ii  from off Japan. Syst. Parasitol., 

62:65-81. 

-,-, and K. Srinui. 2012. A new species of Paramacrochiron (Copepoda: Cyclopoida: Macrochi- 

ronidae) associated with the rhizostome medusa Rhopilema hispidum collected from the Gulf of 

Thailand, with a phylogenetic analysis of the family Macrochironidae. Zool. Sei., 29:127-133. 

-, S. Harada, M. Shimomura, G.A. Boxshall, R. Yoshizaki, D. Uyeno, T. Nitta, and T. Sakakihara. 

2007. Temporal partitioning: dynamics of alternating occupancy of a host microhabitat by two dif¬ 

ferent crustacean parasites. Mar. Ecol. Prog. Ser., 348:261-272. 

-, J.-s. Ho, and K. Nagasawa. 2004a. Ergasilid copepods (Poecilostomatoida) in plankton samples from 

Hokkaido, Japan, with reconsideration of the taxonomic status of Limnoncaea Kokubo, 1914. J. 

Nat. Hist., 38:471-498. 

-,-,-, J. Morozinska-Gogol, and W. Piasecki. 2004b. The identity of Limnoncaea diuncata 

Kokubo, 1914 (Copepoda: Poecilostomatoida) from Hokkaido, Japan, with the relegation of Dier- 

gasilus Do, 1981 to a junior synonym of Thersitina Norman, 1905. Syst. Parasitol., 57:35-44. 

-,-, M. Okada, and K. Gushima. 1993. Attachment and feeding of pelagic copepods on larvacean 

houses. J. Oceanogr. Soc. Japan., 49:115-120. 

-, I. Madinabeitia, H. Yamashita, and B.A. Venmathi Maran, 2010. Occurrence of adults of copepods 

parasitic on fish in plankton samples: Accident or an alternative life strategy? [Abstract] Presented 

at the International Crustacean Congress 7, Qingdao, China. 

-, E. Metillo, and G.A. Boxshall. 2015. First record of association of copepods with highly venomous 

box jellyfish Chironex, with description of new species of Paramacrochiron (Cyclopoida: Macrochi¬ 

ronidae). Zool. Sci., 32:195-203. 

-, K. Nagasawa, J.-s. Ho, and M.J. Grygier. 2004c. The true nature of the enigmatic copepod genus 

Limnoncaea from plankton in Japan and the importance of parasito-planktology. Bull. Plankton 

Soc. Japan, 51:13-24. (In Japanese with English abstract) 

-, I. Takami, B.A. Venmathi Maran, K. Ogawa, T. Shimono, Y. Fujita, M. Asakawa, and G.A. 

Boxshall. 2009. Developmental stages and growth of Pseudocaligusfugu Yamaguti, 1936 (Copepoda: 

Siphonostomatoida: Caligidae) host-specific to Puffer. I Nat. Hist., 43:1779-1804. 

Otake, S., K. Wakabayashi, Y. Tanaka, and K. Nagasawa. 2016. Life-cycle of Choniomyzon inflatus Wak- 

abayashi, Otake, Tanaka & Nagasawa, 2013 (Copepoda: Siphonostomatoida: Nicothoidae) with the 

morphological descriptions of the nauplius, copepodid and adult male. Syst. Parasitol., 93:145-157. 

Paterson, N.F. 1958. External features and life cycle of Cucumaricola notabilis nov. gen. et sp., a copepod 

parasite of the holothurian, Cucumaria. Parasitol., 48:269-290. 

Perkins, P.S. 1983. The life history of Cardiodectes medusaeus (Wilson), a copepod parasite of lanternfishes 

(Myctophidae). J. Crust. Biol., 3:70-87. 

Raibaut, A. 1996. Copepodes II. Les Copepodes parasites. Pp. 639-718 in Traite de Zoologie. Anatomic, 

Systematique, Biologie. Crustaces, Tome 7, Fascicule 2, Generalites (suite) et Systematique. (J. Forest 

ed.), Masson, Paris, 1002 pp. 

Reddiah, K. 1968. Three new species of Paramacrochiron (Lichomolgidae) associated with medusae. Crus- 

taceana, Suppl. 1:193-209. 

-. 1969. Pseudomacrochiron stocki n. g., n. sp., a cyclopoid copepod associated with a medusa. Crus- 

taceana, 16:43-50. 

Sale, P.F., P.S. McWilliam, and D.T. Anderson. 1976. Composition of the near-reef zooplankton at Heron 

Reef, Great Barrier Reef. Mar. Biol., 34:59-66. 

-,-, and-. 1978. Faunal relationships among the near-reef zooplankton at three locations on 

Heron Island, Great Barrier Reef, and seasonal changes in this fauna. Mar. Biol., 49:133-145. 

Shinn, A., J. Pratoomyot, J.E. Bron, G. Paladini, E. Brooker, and A.J. Brooker. 2015. Economic costs of 

protistan and metazoan parasites to global mariculture. Parasitol., 142:196-270. 

Steinberg, D.K., M.W. Silver, C.H. Pilskaln, S.L. Coale, and IB Paduan. 1994. Midwater zooplankton 

communities on pelagic detritus (giant larvacean houses) in Monterey Bay, California. Limnol. 

Oceanogr., 39:1606-1620. 

Suarez-Morales, E. 2001. An aggregation of monstrilloid copepods in a western Caribbean reef area: eco¬ 

logical and conceptual implications. Crustaceana, 74:689-696. 



REVIEW OF PLANKTONIC PHASES OF SYMBIOTIC COPEPODS 119 

-. 2011. Diversity of the Monstrilloida (Crustacea; Copepoda). PloS ONE. 6:e22915. 

-, and E. Tovar. 2004. Postnaupliar stages of a thaumatopsyllid copepod (Crustacea: Copepoda) from 

a reef area of the Western Caribbean Sea. Sarsia, 89:223-244. 

-, L.H. Harris, F.D. Ferrari, and R. Gasca. 2014. Late postnaupliar development of Monstrilla sp. 

(Copepoda: Monstrilloida), a protelean endoparasite of benthic polychaetes. Invert. Repr. Dev.. 

58:60-73. 

-, I.-H. Kim, and J.B. Escamilla. 2012. On some caligids (Copepoda, Caligidae) from the plankton of a 

coastal lagoon of the Gulf of Mexico with description of a new species of Metacaligus. Zool. Stud., 

51:804-818. 

Takahashi, K., T. Ichikawa, H. Saito, S. Kakehi, Y. Sugimoto, K. Hidaka, and K. Hamasaki. 2013. Sap- 

phirinid copepods as predators of doliolids: their role in doliolid mortality and sinking flux. Limnol. 

Oceanogr., 58:1972-1984. 

-,-, and K. Tadokoro. 2015. Did colour changes in male Sapphirina nigromaculata (Cyclopoida, 

Copepoda). J. Plankton Res., 37:1181-1189. 

Tokioka, T., and R. Bieri. 1966. Juveniles of Macrosetella gracilis (Dana) from clumps of Trichodesmium in 

the vicinity of Seto. Publ. Seto Mar. Biol. Lab., 14:177-184. 

Urawa, S., K. Muroga, and S. Kasahara. 1980a. Naupliar development of Neoergasilus japonicus (Cope¬ 

poda: Ergasilidae). Bull. Jap. Soc. Sci. Fish., 46:941-947. 

-,-, and-. 1980b. Studies on Neoergasilus japonicus (Copepoda: Ergasilidae), a parasite of fresh¬ 

water fishes, 2: Development in copepodid stage. J. Fac. Appl. Biol. Sci., Hiroshima Univ., 19:21-38. 

Venmathi Maran, B.A., and S. Ohtsuka. 2008. Descriptions of caligiform copepods in plankton samples 

collected from East Asia: Accidental occurrences or a new mode of life cycle? Plankton Benthos 

Res., 3:202-215. 

-, E. Iwamoto, J. Okuda, S. Matsuda, S. Taniyama, Y. Shida, M. Asakawa, S. Ohtsuka, T. Nakai, 

and G.A. Boxshall. 2007. Isolation and characterization of bacteria from the copepod Pseudocaligus 

fugu ectoparasitic on the panther puffer Takifugu pardalis with the emphasis of TTX. Toxicon, 50: 

779-790. 

-, S.Y. Moon, S. Ohtsuka, S.Y. Oh, H.Y. Soh, J.G. Myoung, A. Iglikowska, and G.A. Boxshall. 2013. 

The caligid life cycle: new evidence from Lepeophtheirus elegans reconciles the cycles of Caligus and 

Lepeophtheirus (Copepoda: Caligidae). Parasite, 20:15. 

-, S. Ohtsuka, and P. Jitchum. 2012a. Occurrence of caligid copepods (Crustacea) in plankton samples 

collected from Japan and Thailand, with the description of a new species. Species Div., 17:87-95. 

-,-, and X. Shang. 2012b. Records of adult caligiform copepods (Crustacea: Copepoda: Siphonos- 

tomatoida) in marine plankton from East Asia, including descriptions of two new species of Caligus 

(Caligidae). Species Div., 17:201-219. 

-, S.Y. Oh, H.Y. Soh, H.J. Choi, and J.G. Myoung. 2012c. Caligus sclerotinosus (Copepoda: Caligi¬ 

dae), a serious pest of cultured red seabream Pagrus major (Sparidae) in Korea. Vet. Parasitol., 188: 

355-361. 

-, E. Suarez-Morales, S. Ohtsuka, H.Y. Soh, and U.W. Hwang. 2016. On the occurrence of caligids 

(Copepoda: Siphonostomatoida) in the marine plankton: a review and checklist. Zootaxa, 4174: 

437-447. 

Wilson, C.B. 1950. Copepods gathered by the United States Fisheries Steamer “Albatross” from 1887 to 

1909, chiefly in the Pacific Ocean. Bull. U.S. Nat. Mus., 100:141-461, plates 2-36. 


